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Abstract 
Application of the LAMP joining technology enhances the possibility of using different types of materials to be 
combined in structural elements. This research work - based on the earlier results of the authors in the field of plastic 
sheet and steel pin joining - was aimed at increasing the joint strength by modifying the sheet thickness and the shape 
of the steel pin, thus using the material interlocking phenomenon.  
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1. Introduction 
The combination of different type of materials like aluminium and steel [1] or plastic and metal [2] or 
plastic and ceramics [3] enables the possibility of combining their properties too. Some of the existing 
joining technologies are not applicable when the basic properties are incompatible (for example welding 
of metal and plastic), but other technologies, like gluing and screwing, may be used. The application of 
laser light ensures a high quality and flexible process in other technologies too. Therefore the usage of the 
laser light in case of joining dissimilar materials should provide further advantages as well. Due to the 
promising results, laser assisted metal plastic joining technology is being developed at a growing rate. 
The investigated positions are the plate to plate and pin to plate geometries [4, 5]. Adhesion and material 
interlocking play an important role in the strength of the joint.  
To enhance these phenomena in case of joining of sheets the surface structuring process could be 
applied [6]. In pin to plate geometry the micro geometry (surface roughness) of the steel pin has an 
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influence on the joint strength, but this effect is limited. To further improve the joint strength, the macro 
geometry may also be modified.  
Therefore based on our earlier investigation examining the influence of micro geometry on the joint 
strength, our aim was to investigate the effect of different macro geometries on the strength of the LAMP 
joints in a pin to plate condition.      
2. Experimental 
In order to take advantage of the macro geometry, the used PMMA plastic materials were 5 mm thick 
(Acriplex, PMMA-XT) sheets with a geometry of 15x15 mm. The steel pins were S235 type structural 
steels. The investigated pin diameter was in the initial state 5 mm with a cylindrical lateral surface. The 
applied laser source was a LASAG SLS 200 type pulse mode Nd:YAG laser with a Gaussian power 
distribution. The pulse frequency was 100 Hz, the duration of pulse was 0.5 ms and the pulse energy was 
2 J in every settings.  The schematic view of the experimental setup can be seen in Fig. 1(a). The plastic 
sheet was placed on the top of the steel pin. The clamping force was applied by a spring. The coil spring 
force was 6 N in its initial state. The spot diameter was adjusted to 5 mm on the top of the steel pin. The 
setup was in a fixed position during the experiments. The interaction time was changed from 3 s to 11 s. 
The penetration depth was determined and the tearing force was measured after the bond creation with 
INSTRON 1195 tearing equipment. In each case 4.75 l/min argon shielding gas was used and the average 
surface roughness (Ra) of the steel pins on the lateral surface was in the range of 1.2 μm to 1.4 μm. 
Having investigated the penetration and the tearing force in case of a cylindrical geometry, it was found 
that a shape modification had occurred. The required geometries were manufactured with turning 
technology from the base cylindrical geometry. The applied geometries: the conical (B, C), the metric 
screw thread (D), the V-groove (E, F), and the flanged (G, H) versions can be seen in Fig. 1(b). 
 
 
 (a) 
 
(b) 
Fig. 1.  Experimental setup: (a) schematic view; (b) applied geometries of the steel pin 
In case of the conical samples the  angle was 6  (type B) and 13  (type C), the depth of the V groove 
(60 ) was 0.2 (type E) and 0.35 mm (type F), the diameter of the flanged pin was 4.5 and 4 mm. To 
compare with the cylindrical geometry the penetration depth was 3 mm and the necessary heating time 
was determined in each case, as the heat mass changed due to the reduced volume of the geometries. 
3. Results and Discussion 
During the joint creation the steel pin penatrated into the PMMA material. The processes are 
illustrated in Fig. 2. The penetration can be divided into two stages. In the first stage the laser is switched 
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on and the steel pin is heated continously. The top surface of the pin heats up the plastic part and therefore 
the PMMA starts to soften in the region 1.The softened plastic flows back, next to the lateral surface of 
the pin and forms a burr at the entrance of the joint (region 2 and 3). Depending on the applied heating 
time, a varying degree of bubble formation was deteceted after the joining process. Bubbles were created 
at the top surface, at the lateral surface and in the burr too.  
In the second stage, when the laser is switched off, the heating is over, but the penetration proceeds 
because the cooling of the steel pin and the plastic is a longer process. The steel pin moves up some tenth 
of millimeters before it stops. While the plastic parts cool down, the volume of the burr is decreasing due 
to the shrinkage and the bursted bubbles on the surface of the burr. At the end of the process the plastic 
solidifies and the joint is created. 
 
 
 
 
 
 
 
 
 
Fig. 2.  The creation process of the hybrid joint: (a) during the laser heating; (b) after the laser heating 
 
The typical cross section of the created joint  (type A) can be seen in Fig. 3. The penetration depth and 
the formed burr are illustrated both in a schematic view and in a photo. Some bubbles can be seen in the 
burr and close to the steel-plastic interation surface. 
 
 
Fig. 3.  The typical cross section of hybrid joint: (a) interpretation; (b) photo of the cross section 
The penetration depth of the joints can be seen in Fig. 4 (a) in case of cylindrical geometries (type A). 
As it is illustrated, the penetration depth increases with the heating time about linearly. The modified 
geometries required less heat input to reach the same penetration depth because the heat mass was less 
than in case of sample type A. The heating time necessary to reach the 3 mm penetration depth in all 
geometries can be seen in Fig. 4 (b).  
The cross section of some modified geometries can be seen in Fig. 5 as compared to the original 
geometry. As it is illustrated the plastic flowed around the steel pin. Therefore the macro geoemtrical 
modification of the steel pin could enhance the shape locking phenomenon, which is necessary to increase 
the strength of the joint.  As the tearing force is increased the load-bearing cross section of the PMMA 
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part has a higher importance in creating the strength of the joint as compared to the cylindrical geometry 
where the adhesion and friction phenomena are dominant. 
Observing and analysing the process it can be stated that the burr formation was quicker in case of 
modified geometries because the molten plastic could flow against less resistance. 
 
 
(a) 
 
           (b) 
Fig. 4.  Relationship between heating time and penetration depth: (a) the penetration depth as a function of heating time in case of 
cylindrical steel pins; (b) the applied heating time at the same penetration depth in case of different pin geometries 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  The typical cross sections of the different pin joints: (a) type A; (b) type B; (c) type E; (d) type H 
As it was mentioned earlier, bubbles were created close to the steel pin. The effect of the heating time 
on the bubble formation are illustrated in Fig. 6, where the bubbles can be seen in showing the top surface 
of the steel pin after different heating time. 
 To describe the bubble formation phenomenon, the size and the surface ratio of the bubbles on the top 
surface of steel pin were analysed. In Fig. 7 the bubble sizes and the surface ratios are illustrated. The 
circles show the areas which belong to specified heating times. The diameter of the areas are determined 
by the three points that come from the same setting. It could be concluded that at shorter heating times the 
number of the bubbles was less and it increased with longer heating times until it reached the maximal 
number which was less than 120 pieces. Reaching the maximum, the numbers are not increasing in the 
range of 8-10 s. It is almost constant, while the surface ratio increases monotonously. This implies that 
the bubbles got united. The total area of bubbles reached 40-50 % of the top surface area of the steel pin. 
These bubbles are at the top surface, but there are some other bubbles at the lateral surface too, which 
also decrease the material continuity. If the surfaces of the samples are not connected then the adhesion 
force could not stick the pieces together. 
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Comparing the bubble formation in case of modified geometries the same characteristics of the 
bubbles were revealed The photos of the typical top surfaces can be seen in Fig. 8.  The figure shows the 
bubble formation in case of modified geometries. It can be seen that at lower heating time the bubble 
formation was more intensive than in case of cilindrical geometry. 
 
 
 
 
 
 
 
 
 
 
Fig. 6.  Photos of bubble formation at the top surface of the cylindrical samples depending on the heating time 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.  The charachterisation of the bubble formation in case of cylindrical steel pin 
The maximal tearing force of the joints can be seen in Fig. 9. As it was presented the penetration 
depth increases with the heating time linearly. The tearing force starts to increase with the longer heating 
time but when it reaches the maximum range (4-7 s), the tendency changes, and the force begins to 
decrease due to the intensive bubble formation. Regarding the tearing force, the top and the lateral surface 
of the steel pin play an important role. The deeper penetration should lead to a bigger contact surface, but 
the bubble formation reduces the connection at the interconnection surfaces and the plastic material itself 
also becomes less endurant because the deeper cavity in the plastic part reduces the load-bearing 
properties. These contrary effects may finally be the causeof  the reduced strength in the range of higher 
penetration depths. 
Comparing the strength results with those of thin (2 mm) PMMA sheets the maximal tearing forces 
were below 300 N under the same conditions. So the thickness of the PMMA sheet has an influence on 
the bond strength because the strength of the thicker plastic plate is higher.  
It can be seen from the diagram that, despite the deeper penetration, it is not necessary to increase the 
heating time above 4 or 5 seconds because the strength will not be higher.   
Analysing the tearing process in case of modified geometries three typical tearing diagrams can be 
seen in Fig. 10. Fig. 10 (a) shows the tearing diagram of a cylindrical type sample. In this case the tearing 
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force increases with a high rate and reaches the maximum value with low elongation. After the maximal 
point the tearing force falls suddenly about 60 % and decreases until reaching zero with a lower speed. 
The changes suggest that until reaching the maximal force the adhesion is dominant at the interfacial 
surfaces. When the pin starts moving out from the hole the friction between the lateral surface of the pin 
and the plastic part plays an important role. The tearing force reaches the zero level when the pieces are 
separeted. In Fig. 10 (b) the tearing diagram of the grooved sample (type F) can be seen. The maximal 
tearing force is higher due to the shape locking phenomenon which was illustrated in Fig. 5. The shape of 
the tearing curve is similar to that of the cylindrical one, but when the force has fallen, the periodic 
characteristic can be seen which correlates with the design of the goroves. In Fig. 10 (c) the curve of the 
conical sample (type B) is illustrated. The maximal force is even higher and the shape of the curve is 
different from the first two. In this case the force reduced to zero after reaching the maximal values. 
Analysing the samples after the tearing in the third case the plastic plate had been cracked and broken up 
into two or three parts.  In the first two of these cases the PMMA part remained in one piece. 
 
 
 
 
 
 
 
Fig. 8.  Photos of bubble formation in case of different pin geometries on the top surface: (a) type D; (b) type E; (c) type F 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.  The maximal tearing force as a function of heating time in case of cylindrical pin geometries 
The steel pins are illustrated after the tearing process in case of groved and thread samples in Fig. 11, 
as in these cases some part of the PMMA remained inside the grooves. In case of the thread it was 
possible to srew out the pin from the plastic plate and it was also possible to screw the pin back, thus a 
releasible bond could be created. The moment and other properties have to be investigated in the future.  
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                                  (a)                                (b)                                 (c) 
Fig. 10.  Characteristical tearing force diagrams in case of different pin geometries: (a) type A; (b) type F; (c) type B 
 
Fig. 11.  Some photos of the modified geometries after the tearing process: (a) type E; (b) type F; (c) type D 
In case of the modified geometries the penetration depth was constant. The measured maximal tearing 
forces are shown in Fig. 12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12.  The maximal tearing force in case of different lateral surface geometries 
It can be seen that the maximal tearing force improved due to the applied shapes. The tearing fore 
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increased approximately 100 % ( Fmmin, Fmmax) depending on the modified geometry as compared with 
the cylindrical pin. Besides a bubble formation, it can be seen from the cross sectional views and after the 
tearing that the plastic material can fill the macro valleys and cavities at the lateral surfaces which has a 
higher influence than the increased bubble formation in case of modified geometries. 
4. Conclusions 
Summarising the results of this research work - connecting to the laser assisted shape locking hybrid 
joining of steel pin and PMMA plastic plate - the following can be concluded: 
 The joint between steel pins and thick (5 mm) PMMA plates can be created by pulsed mode Nd:YAG 
laser source in the presented setup  
 Two stages of the pin to plate joint formation are determined and described 
 The shape locking phenomenon was proven in the cross sections of joints in case of modified pins  
 Bubble formations of the joints were described which was stronger when the heating time was longer. 
The number of the bubbles had a maximum in the investigated range while the area of bubbles on the 
top surface increased monotonously with the heating time.  
 Different tearing failures were identified depending on the applied geometries, which shows that the 
modification of macro geometry and plate sizes have to be fitted to get the maximum strength 
 Applying of shape locking phenomenon with modified macro geometries is able to increase the joint 
strength in an average of 100 % as compared to the cylindrical geometry 
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